A fundamental objective in studies of climate-erosion-tectonics coupling is to document convincing correlation between observable indicators of these processes on the scale of a mountain range. The eastern Himalayas are a unique range to quantify the contribution of tectonics and climate to long-term erosion rates, because uniform and steady tectonics have persisted for several million years, while monsoonal precipitation patterns have varied in space and time. Specifically, the rise of the Shillong plateau, the only orographic barrier in the Himalayan foreland, has reduced the mean annual precipitation downwind in the eastern Bhutan Himalaya at the Miocene-Pliocene transition. Apatite fission-track (AFT) analyses of 45 bedrock samples from an E-W transect along Bhutan indicate faster long-term erosion rates outside of the rain shadow in the west (1.0-1.8 mm/yr) than inside of it in the east (0.55-0.85 mm/yr). Furthermore, an AFT vertical profile in the latter segment reveals a deceleration in erosion rates sometime after 5.9 Ma. In this drier segment of Bhutan, there are remnants of a relict landscape formed under a wetter climate that has not yet equilibrated to the present climatic conditions. Uplift and preservation of the paleolandscape are a result of a climate-induced decrease in erosion rates, rather than of an increase in rock uplift rate. This study documents not only a compelling spatial correlation between long-term erosion and precipitation rates, but also a climatically driven erosion-rate change on the scale of the eastern Himalayas, a change that, in turn, likely influences that region's recent tectonic evolution.
INTRODUCTION
In active mountain ranges, climate influences strain partitioning and landscape evolution through erosional focusing, as suggested by numerical (Avouac and Burov, 1996; Willett, 1999; Beaumont et al., 2004) and analogue (Bonnet and Crave, 2003) modeling of interactions between surface processes and tectonics. However, when deconvolving tectonic and climatic controls on orogenic evolution, it is inherently difficult to go from observing a correlation between, for example, spatial patterns of precipitation and erosion rate to demonstrating feedbacks. Consequently, observational studies of active orogens reveal divergent opinions regarding the relative contribution of tectonics and climate to erosional efficiency and to landscape evolution (Molnar, 2003 , and references therein).
We approached this problem by comparing two adjacent segments of an active orogen that, on a million-year time scale, had nearly identical tectonic evolution but dissimilar climates. The Himalayas have structurally and lithologically little variance, and they have a nearly uniform plate convergence rate. There are, however, significant precipitation gradients along strike. Assuming that climate is important in the geomorphic and kinematic behavior of an active orogen, then there should be observable changes in deformation, erosion rates, and, by inference, uplift and landscape patterns wherever lasting climate changes have occurred.
Apatite fission-track (AFT) cooling ages from 45 samples collected along a broad E-W transect through the Bhutan Himalayas ( Fig.  1 ; Table DR1 tonic conditions have not changed significantly during the last few million years, the relict landscape appears to have been uplifted probably as a result of climate-induced variations in erosion. We conclude that the long-term erosion rate pattern along the Bhutan Himalayas is primarily controlled by spatiotemporal variations of precipitation.
GEOLOGICAL SETTING
From south to north and extending along the entire orogen, the main structures of the Himalayas are: the Main Frontal thrust (MFT), the Main Boundary thrust (MBT), the Main Central thrust (MCT), and the South Tibetan detachment (STD) (Gansser, 1983; Hodges, 2000) . Between the MBT and MCT lies the Lesser Himalayan Sequence (LHS), which is dominated by low-grade metasediments. Flanked by the MCT and STD is the Greater Himalayan Sequence (GHS), which is composed of schist, gneisses, and migmatites that were deformed, metamorphosed, and intruded by granites during the Miocene. The hanging wall of the STD is made up of the lessdeformed, low-grade to unmetamorphosed Tethyan Sedimentary Sequence (TSS). Although the first-order structures (MBT, MCT, STD) vary little along the Himalayan arc, second-order structures, such as windows, gneiss domes, klippen, and out-of-sequence thrusts, are restricted to certain parts of the orogen (e.g., Hodges, 2000) . Gneiss domes in the TSS and windows through the GHS are common west of 90ЊE longitude, while klippen of TSS atop the GHS occur only east of that line (Fig. 1) . In addition, 90ЊE is the approximate western boundary of the Shillong plateau, which is the only raised ground in the foreland of the Himalayas. Thus 90ЊE is a fundamental boundary between eastern and western areas of Bhutan that are characterized by different precipitation, erosion, landscape, and deformation.
An Uplifted Relict Landscape in Bhutan
In contrast to central Nepal, where the N-S topographic profile has a markedly concave shape, the Bhutan Himalayas rise more abruptly from the foreland and have topographic profiles that are straight to slightly convex (Duncan et al., 2003; Fig. 2 ). The topographic profile of Bhutan is characterized by a step of low slope at ϳ3000 m (Gansser, 1983; Duncan et al., 2003) , which is formed by an E-W-trending belt of perched patches of low-relief topography (Fig. 1) . Unlike the surrounding and steeply incised topography, the patches are wide, alluvium-filled valleys ( Fig. 1 ) with deeply weathered bedrock, and, along their borders, longitudinal river profiles show pronounced knickpoints (Duncan et al., 2003; Baillie and Norbu, 2004) . The patches do not follow lithological boundaries or faults, suggesting that they are remnants of an ancient landscape that has not yet been incised by headward-cutting bedrock rivers. The high elevation of the landscape remnants relative to the beds of surrounding rivers and the occurrence of knickpoints suggest that the remnants formed at a lower elevation and have been subsequently uplifted to their present position.
Two distinct scenarios may account for the formation of the relict landscape. First, a sudden increase in rock uplift rate relative to erosion rate may have led to a transient period of a nonequilibrium landscape characterized by the propagation of knickpoints into upstream areas undergoing surface uplift (Whipple and Tucker, 1999; Clark et al., 2005) . In such cases, the low-relief areas would be relicts of a landscape that was equilibrated with a lower rate of rock uplift in the past. Alternatively, climate change combined with a constant rock uplift rate may have caused surface uplift. Apart from lithology, the main parameters that control erosivity are related to climate (Whipple and Tucker, 1999) . The landscape may therefore have been modified by climate change while the rock uplift rate remained constant . It has been demonstrated that landscape relief increases with decreasing precipitation (Bonnet and Crave, 2003; Gabet et al., 2004) , so that, given a constant rock uplift rate, a decrease in precipitation reduces the erosion rate and consequently leads to increased surface elevation. If formed by such climatically induced surface uplift, the low-relief patches found in Bhutan represent relicts of a landscape that was equilibrated with a wetter climate in the past, without involving any variation in the rock uplift rate. Paleolandscape preserves information about erosional and geomorphic processes related to past tectonic and climatic conditions (e.g., Clark et al., 2005) , and thus, in conjunction with climatic and thermochronological data, it can help to separate tectonic from climate-induced changes in surface uplift and incision rate of the modern landscape.
OROGRAPHIC BARRIER IN THE FORELAND OF THE BHUTAN HIMALAYAS
Along the southern flank of the Himalayas, the Indian summer monsoon plays an essential role in erosion (Bookhagen et al., 2005) . The onset of the Indian summer monsoon is believed to have taken place by 12.0-10.7 Ma (Dettman et al., 2001 (Dettman et al., , 2003 . In eastern Bhutan, the Indian summer monsoon's precipitation is influenced by the Shillong plateau, the only elevated terrain outboard of the deformation front along the entire orogen. The Shillong plateau forms an ϳ1600-m-high barrier to the prevailing winds transporting moisture from the Bay of Bengal toward the Himalayan front (Bookhagen et al., 2005 ; Fig. DR1 [see footnote 1]). The plateau thus concentrates rainfall on its southern slope (Ͼ6 m/yr) and creates a rain shadow on its lee. Consequently, eastern Bhutan receives about half the precipitation delivered to the Himalayas outside the rain shadow (Fig. 2) . The modern precipitation pattern closely mimics the shape of the Shillong plateau (Bookhagen et al., 2005 ; Fig.  DR1 ), indicating that once the plateau had attained sufficient elevation, an orographic effect resulted, inducing condensation and precipitation on its windward side, and consequently decreasing precipitation on the lee (Bookhagen et al., 2005) .
Sedimentary data indicate that the Shillong plateau was submerged until the MiocenePliocene transition, and that it emerged during the Pliocene as an outcrop of Precambrian basement rocks (Johnson and Nur Alam, 1991; Lundberg, 1999, 2004) . Therefore, the reorganization of precipitation distribution due to the uplift of the Shillong plateau occurred after the Indian summer monsoon was established along the Himalayas. Accordingly, it is reasonable to assume that, until the end of the Miocene, the eastern Himalayas currently located in the lee of the Shillong plateau received much higher rainfall than they do today.
Apatite Fission-Track Analysis
The study transect covers two longitudinal regions with different climatic histories, since the eastern part is located on the lee of the Shillong plateau. Apatite fission-track (AFT) ages indicate the time elapsed since cooling below the effective closure temperature of the system, estimated here at 130 Ϯ 10 ЊC (Appendix DR1, see footnote 1).
Across western Bhutan, AFT ages range between 1.4 Ϯ 0.6 Ma and 6.7 Ϯ 0.8 Ma. However, most of the ages are Pliocene (ca. 1.5-4 Ma), except for four samples older than 6 Ma ( Fig. 3 ; Table DR1 [see footnote 1]). Three of the latter samples were taken from the periphery of the Paro window where the distribution of cooling ages is likely disrupted across the boundary shear zone (see following). The Pli- ocene AFT ages show no correlation with elevation (Fig. 3) . The weighted mean AFT age of 2.55 Ϯ 0.15 Ma (excluding the 3 anomalous samples) provides a long-term exhumation rate (i.e., erosion rate; Appendix DR1 [see footnote 1]) on the order of 1.0-1.8 mm/yr. Across eastern Bhutan, AFT ages vary between 3.0 Ϯ 0.7 Ma and 8.6 Ϯ 0.8 Ma, with late Miocene ages clearly dominant in this area ( Fig. 3 ; Table DR1 ). The weighted mean AFT age of 5.08 Ϯ 0.09 Ma yields a longterm exhumation rate of 0.55-0.85 mm/yr, assuming a steady exhumation rate until the present. However, a vertical profile at ϳ91ЊE (Figs. 1 and 3 ; Table DR1 ) reveals a positive correlation between age and elevation, with a slope (equivalent to exhumation rate) of 1.6 Ϯ 0.6 mm/yr for the period between 6.5 and 5.9 Ma. This apparent late Miocene erosion rate is similar to the late Pliocene erosion rate in western Bhutan. If such a rapid erosion rate had continued until the present day across eastern Bhutan, younger AFT ages would dominate across the modern landscape. This is not the case, which leads us to conclude that across eastern Bhutan, the erosion rate must have slowed sometime after 5.9 Ma.
DISCUSSION
The uplift of the Shillong plateau may account for up to one-third of the India-Eurasia convergence (Bilham and England, 2001) , which would consequently lower the fault slip rate and thus the rock uplift rate in eastern Bhutan when compared with other frontal parts of the Himalayas. However, the degree of convergence partitioning between the plateau and eastern Bhutan is poorly constrained because neither the kinematics nor the attitude of the faults bounding the Shillong plateau are well known (Bilham and England, 2001; Biswas and Grasemann, 2005) . Although the plateau emerged only in the early Pliocene, the sedimentary record of the more southerly Sylhet Trough (Johnson and Nur Alam, 1991) indicates sustained displacements along the southern boundary fault since the Eocene. Thus, the convergence partitioning started much earlier than the plateau's subareal uplift at the Miocene-Pliocene transition. The surface uplift of the Shillong plateau is likely due to a change of rock erodibility at a constant rock uplift rate, similar to mechanisms of surface uplift proposed elsewhere (Sobel and Strecker, 2003) . The basement of the plateau was covered by ϳ3000 m of Tertiary sediments (Johnson and Nur Alam, 1991) . When these sediments were eroded and more resistant bedrock was exposed, the erosion rate may have slowed, resulting in surface uplift.
Rock uplift rate in a critical taper wedge appears more sensitive to erosional efficiency than to the tectonic accretionary flux (Whipple and Meade, 2004) . Therefore, convergence partitioning into the Shillong plateau, which would reduce the shortening rate in eastern Bhutan, would produce a lesser effect than reducing the erosion rate. The relict landscape argues against a significantly reduced shortening rate across the Bhutan Himalaya. In particular, rock uplift in the mountain chain could not have decreased considerably or there would have been no fast surface uplift of a paleolandscape. Assuming nearly constant fault-slip rate, a recent decrease in erosion rate in eastern Bhutan would cause rock uplift to become less compensated by erosion, result-ing in surface uplift. The relict landscape is reminiscent of a wetter climate landscape that is characterized by smoother topography (Bonnet and Crave, 2003; Gabet et al., 2004) . Accordingly, we propose that the Shillong plateau uplift decreased precipitation in eastern Bhutan. This allowed the nearly steady tectonic uplift along the Main Boundary thrust to enhance the surface uplift of the antecedent landscape and its incision through upstream propagation of knickpoints. Since the base of the range (the Brahmaputra Valley) could not be lowered, the present-day elevation of the lower erosional boundary of relict landscape (ϳ2 km) indicates the maximum amount of its uplift.
In the central (Burbank et al., 2003) and western Himalayas (Sorkhabi et al., 1996; Thiede et al., 2004; Vannay et al., 2004) , most of the AFT ages are Pliocene to Quaternary (Fig. 3) , yielding rapid exhumation rates of 1-3 mm/yr. Although there are differences in AFT ages between eastern and western Bhutan, the latter, located at the western edge of the rain shadow, is probably a transition zone between eastern Bhutan and the central and western Himalayas in the sense of recent exhumation history and landscape evolution.
Segments of the Bhutan Himalayas that have different erosion histories are characterized by different second-order structures. In eastern Bhutan, outliers of Tethyan Sedimentary Sequence indicate that the South Tibetan detachment may once have extended farther south throughout the Himalayas but, apart from eastern Bhutan, has now been completely eroded back to the Himalayan crest (Grujic et al., 2002) . In western Bhutan, the Paro window exhibits Lesser Himalayan Sequence in its core, surrounded by Greater Himalayan Sequence and bounded by a normal-sense shear zone ( Figs. 1 and 2 ). Younger cooling ages in the core of the window relative to the ages of surrounding rocks support the hypothesis of focused core exhumation. The Paro window (like the similar Rampur window in the western Himalayas; Thiede et al., 2004; Vannay et al., 2004) possibly results from a local high erosion rate coupled with higher tectonic accretion in its core relative to its margins.
CONCLUSIONS
In the Bhutan Himalayas, spatiotemporal changes in climate are expressed through along-strike differences in erosion rates, landscape morphology, and tectonic features. Decreased precipitation along the Himalayan front in eastern Bhutan was caused by the rapid surface uplift of the Shillong plateau and its orographic effect on the Indian summer monsoon; the kinematic effect of the rising plateau on the tectonic uplift of the Himalayan front seems to have been minor. Therefore, recent changes in landscape and erosion of the Bhutan Himalayas are climate induced.
AFT ages document a decrease of erosion rates along the front of the eastern Bhutan Himalayas at the Miocene-Pliocene transition. In the same area, a relict landscape has been identified that was formed under wetter conditions and was uplifted to its current elevation in response to a decrease in erosion rate, which was caused by a decrease in precipitation rate rather than by an increase in tectonic uplift rate. Our study documents not only a compelling spatial correlation between longterm erosion and precipitation rates, but also a climatically driven erosion rate change on the scale of the eastern Himalayas. It is likely that this change in erosion rate is responsible for the development of second-order tectonic structures in Bhutan.
